The present study was undertaken to study the statistical optimization of medium components for improved Indole-3-acetic acid (IAA) production by Pseudomonas aeruginosa. Colorimetric analysis showed maximum IAA (132 µg mL -1 ) in the medium supplemented with tryptophan (0.5 g L -1 ). The maximum production was achieved after 96 h of incubation. Yeast extract, tryptophan and EDTA were identified as significant components influencing IAA production by Pseudomonas aeruginosa, using the Plackett-Burman method. The statistical optimization approach led to the production of 318 µg mL -1 of IAA within 24 h of incubation. Statistical approach was found to be very effective in optimizing the medium components in a manageable number of experimental runs with overall 2.4 fold increase in IAA production. TLC and GC-MS analysis further confirmed the IAA production in the cell filtrates of the strain. GC-MS analysis and tryptophan side chain oxidase confirmed the existence of atleast 2 possible pathways for IAA by this strain. Inoculation of P. aeruginosa culture filtrate enhanced seed germination (82.4%) and increase in root length and shoot length (~ 2.6 and ~ 1.1 folds over the control) of cowpea seeds over the control treatment under pot culture conditions.
Introduction
Indole-3-acetic acid (IAA) is the main member of the auxin family that controls many important physiological processes including cell enlargement and division, tissue differentiation, and responses to light and gravity (Teale et al., 2006) . Various microorganisms including bacteria, fungi, and algae are capable of producing physiologically active quantities of auxins, which may exert pronounced effects on plant growth and establishment. Bacteria inhabiting rhizosphere of various plants are known as ''plant growth promoting rhizobacteria (PGPR)". These bacteria synthesize and release greater amount of IAA as secondary metabolite because of the substrates exuded from the roots, when compared with nonrhizospheric soil bacteria and promote plant growth directly (Spaepen et al., 2007) . The IAA produced by bacteria colonizing the rhizosphere of the plants is proposed to act in conjunction with endogenous IAA in plant to stimulate cell proliferation, elongation, and enhancement of host's uptake of minerals and nutrients from the soil (Suzuki and Oyaizu, 2003; Leveau and Lindow, 2005) . IAA also serves as a regulating agent for microbial cell differentiation, for example, it stimulates spore germination and mycelial elongation in a Streptomyces, and induces adhesion and filamentation in Saccharomyces cerevisiae (Matsukawa et al., 2007) . These results suggest that IAA may act on a common regulatory cascade leading to morphogenesis and secondary metabolism (Diemaite, 2004) .
Tryptophan is believed to be the primary precursor for the formation of IAA in plants and microorganisms (Monteiro et al., 1988) . Different bacterial pathways to synthesize IAA have been identified and a high degree of similarity between IAA biosynthesis pathways in plants and bacteria was observed (Spaepen et al., 2007) .
Traditional experimental design often uses "one factor at a time" with only one factor of a system being variable, while the other factors are kept fixed during The species of genus Pseudomonas are widely distributed in nature and act as plant growth-promoting rhizobacteria by nitrogen fixation, mineral solubilization, as well as transformation of nutrients, production of phytohormones and siderophores, and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase (Lugtenberg and Kamilova, 2009) . Although IAA production has been reported in Pseudomonas species (Karnwal, 2009) , there is not much information on statistical optimization of nutritive conditions for its production. Hence, the present report is an attempt to optimize medium components for improved IAA production by the potential biocontrol agent Pseudomonas aeruginosa.
Materials and methods

Organism and culture conditions
The IAA producing bacterium was isolated from the rhizospheric soil of various vegetable crops from in and around Bangalore, India. The potential isolate was identified as Pseudomonas aeruginosa through morphological and biochemical characteristics and by 16S rDNA sequence analysis. The nucleotide sequence of the 16S rRNA of Pseudomonas aerugonisa FP6 has been deposited in the GenBank database under the accession number JN861778.
Quantitative estimation of IAA production
IAA production was determined using Salkowaski reagent as described by Gordon and Weber (1951) . 100 µL of 24 h bacterial broth (10 8 cfu mL ) and the amount of IAA produced was expressed as µg IAA secreted per unit of optical density.
Effect of tryptophan concentration on IAA production
Erlenmeyer flasks containing 50 mL of nutrient broth were supplemented with different concentrations of
) and inoculated with 100 µL of the bacterial cell suspension (10 8 cfu mL -1 ). After incubation, growth was measured at OD 600 nm and culture supernatants were collected and assayed for IAA production as described above.
The unoptimized medium used for growth and IAA production consisted of the following (g L -1 ):
peptone,5 ; yeast extract, 3 ; NaCl, 5; tryptophan, 0.1; pH 7.2 at 30° C under shaking conditions (120 rpm) for 96 hours . The media components and their composition for IAA production during optimization study are given in Tables 1 and 2 . 
Variables Medium components (factors)
Tryptophan (g L -1 ) 0.1 1 X 6 pH 5 7.5 X 7
Temperature (° C) 20 37 X 8 Incubation 
Evaluation of environmental factors for IAA production using Plackett-Burman experimental design
Identification of essential medium constituents to improve IAA production by Pseudomonas aerugonisa was carried out using Plackett-Burman statistical design (Plackett and Burmann, 1946) . A total of eleven variables (variable k = 11, table1) were selected for the study with each variable representing two level, high (+) and low (-) in 12 trials ( Table 2 ). The number of positive and negative signs per trial was (k +1)/2 and (k -2)/2, respectively. Each row represents a trial, and each column represents an independent (assigned)
variable. The effect of each variable was determined by the following equation:
Where, E (X i ) is the concentration effect of the tested variables. M i + and M i − represent IAA production from the trials, where the independent variable (X i ) measured was present at high and low concentrations, respectively. N, total number of the trials equals to 12.
When the sign is positive, the influence of the variable upon IAA production is greater at higher concentration, and when negative, the influence of the variable is greater at low concentration. The standard error (SE) of concentration effect was the square root of the variance of an effect, and the significance level (Pvalue) of each concentration effect was determined using the Student's t-test:
Where, E (X i ) is the effect of variable X i .
The statistical analysis of the results was performed with the aid of statistical software package design expert 8.0 (State-Ease, Minneapolis, MN, USA).
Extraction of Crude IAA
IAA was produced in optimized culture conditions.
Bacterial cells were separated from the supernatant by centrifugation at 10,000 rpm for 30 min. The supernatant was acidified to pH 2.5-3.0 with 1 N HCl and extracted twice with ethyl acetate at double the volume of the supernatant. An extracted ethyl acetate fraction was evaporated dry in a rotary evaporator at 40°C. The extract was dissolved in 1 mL of methanol and kept at -20°C.
Thin Layer Chromatography
Ethyl 
GC-MS
The methylated compound and standard IAA were subjected to gas chromatography-mass spectrometry 
Detection of tryptophan side chain oxidase
Plate test for tryptophan side chain oxidase (TSO), as a pathway in IAA biosynthesis was performed by a modified method of Takai and Hayaishi (1987) . 
Statistical analysis
Data regarding the effect of culture-filtrate on seed germination and root elongation of cowpea was statistically analyzed by Student's t-test (SPSS software 18).
Results and discussion
Pseudomonads are predominantly found in rhizosphere of cereal and legume crops. These rhizobacteria have immense potential in agriculture for use as biofertilizer, biocontrol agent and in bioremediation due to their plant growth-promoting ability, antimicrobial activity and ability to degrade pollutants (Ahmad et al., 2008) . Production of plant growth hormones, particularly IAA, has long been considered an important attribute of PGPR strains and different bacterial strains were found to produce IAA.
Effect of tryptophan concentration on IAA production
The isolate produced 80 µg mL -1 (5 fold) increase in IAA production on tryptophan supplementation (0.1 g
) when compared to control (without tryptophan).
IAA production started after 24 h of incubation and reached a maximum at 96 hours followed by a decrease. P.
aeruginosa produced higher IAA in the presence of the precursor, L-tryptophan which shows that the isolate is dependent on the L-tryptophan precursor and probably synthesized IAA through L-tryptophan dependent pathways. El-Khawas and Adachi (1999) showed that K. pneumoniae and Azospirillum brasilense produced 35 and 46 µg mL -1 of IAA with tryptophan supplementation. Similarly, 38 µg mL -1 and 80 µg mL -1 of IAA production were reported in Serratia plymuthica and Paenibacillus polymyxa (Phi et al., 2008; Koo et al., 2009 ). Our strain produced comparably higher amount of the IAA than some of the other analyzed strains in literature which shows that different isolates vary in their utilization of different concentrations of L-tryptophan for IAA production.
The isolate also exhibited tryptophan concentration dependent IAA production. The IAA production increased from 80 µg mL -1 to 132 µg mL -1 with increasing concentration of tryptophan from 0.1g L -1 to 0.5g L -1 after which there was a slight decrease. This may be due to release of IAA degrading enzymes as reported earlier in Rhizobium species (Datta and Basu, 2000) .
Optimization of culture conditions by PlackettBurman experimental design
Statistical methods for medium optimization have proved to be a powerful and useful tool for biotechnology. The data in Table 2 indicated that there was a wide variation for IAA production in 12 runs. This variation reflects the importance of medium optimization to attain higher yields. Yeast extract is the most significant factor with positive effect for IAA production and this factor gave the maximum sum of squares and percentage influence (31.91 %), whereas carbon source (glucose and glycerol) has only 5.67 and 6.56% contribution within the tested levels, aeration, incubation period and pH (0.477, 0.28 and 0.02) were the least contributing factors (Table 3 ). According to the data obtained from the PlackettBurman experimental results, the medium predicted to be near optimum should be of the following composition (g mL -1 ): glucose, 0.01; yeast extract, 0.01; tryptophan, 0.005; NaCl, 0.02; EDTA 0.5; pH 7 incubation at shaking condition for 24 hrs. On optimization the production of IAA increased to 318 µg mL -1 within 24 hrs, which was 2.4 times higher than in the unoptimized medium.
TLC and GC-MS
The production of IAA was confirmed by TLC and by GC-MS analysis. Chromatogram of culture extract spot and standard IAA when observed under UV light showed the same R f value 0.88. The TLC findings are in agreement with other reports (Kang et al., 2006) .
By GC-MS analysis, the extracted methylated compounded was further confirmed as IAA. The retention time (8.68 min) of methylated compound was comparable to the reference standard (methyl esters of standard IAA) (Figure 3a,b) . The GC-MS analyses of the culture supernatants and standard showed the electron impact mass spectra of indole-3-acetamide peak which indicates that IAA is produced via Indole-3-acetamide pathway. This pathway appears to be prevalent in bacteria (Persello Cartieaux et al., 2003) . 
Tryptophan side chain oxidase
In order to delineate the possibility of another pathway of IAA synthesis, tryptophan side chain oxidase (TSO) as a pathway enzyme was detected qualitatively on agar plate. The over laid soft agar cocktail containing bacteria changed in color from straw to dark brown. In the present study, TSO was detected as an additional pathway for IAA production
Effect of P. aeruginosa on Plant growth
The property of synthesizing indole acetic acid is considered as an effective tool for screening bene- 
Conclusions
The statistical optimization method is widely used and has a growing acceptance. Till date, there is no information on statistical optimization of medium components for IAA production by Pseudomonas aerugonisa by a statistical design. The present study provides a suitable medium for improved IAA production by Pseudomonas aerugonisa. Further, the finding of the present study highlighted that IAA-producing bacteria from rhizospheric soil can be easily isolated and may be exploited for local agricultural use. The isolate has a potential to be used as plant biofertilizer or bioenhancer for plant growth improvement.
